One of the benefits of hybrid solar PV-battery systems is that they can reduce grid 14 dependency and help balance electricity supply and demand. However, their environmental 15 impacts and benefits remain underexplored. This study considers for the first time life cycle 16 environmental impacts of domestic-scale PV-battery systems in Turkey, integrating multi-17 crystalline PV and lithium-ion battery. The impacts were estimated for both individual 18 installations and at the national level, considering different regions across the country and 19 taking into account their insolation and other climatic differences. Electricity generation and 20 storage were modelled on an hourly basis taking into account consumer behaviour. The 21 results show that the system can meet between 12.5% and 18.4% of the household's annual 22 electricity needs. On a life cycle basis, it generates 4.7-8 times more energy than it consumes.
Introduction

36
Renewable energy sources are becoming more common, both for large and small scale 37 applications. Some of the driving factors for this trend include concerns about security of 38 energy supply, climate change and a desire to utilise local resources and improve national 39 economies (Baranes, et al., 2017) . Given that the worldwide energy demand is projected to 40 grow by almost 40% by 2040, it is expected that renewable energy will continue to bear 41 significance in the global energy portfolio (Unites States Energy Information Administration, manufacturing per kWh of electricity generated were found to be the highest in Australia, 147 twice as high as in France. Mono-crystalline systems had approximately 80% higher global 148 warming potential than the multi-crystalline. Furthermore, Stamford and Azapagic (2018) applications. Given the focus in this work, only stationary applications are discussed below. 155 A review of environmental impacts of lithium-ion batteries for stationary applications found 156 that, on average, 1 kWh of storage capacity is associated with a cumulative energy demand of 157 328 kWh and emissions of 110 kg CO 2 -eq. . It was also noted that most 158 studies considered only global warming potential, omitting other environmental impacts. 159 In a comparative study of the global warming potential of lithium-ion and nickel metal 160 hydride batteries (NiMH), Liang and co-workers showed that the former had a factor of ten 161 lower impact than the latter (12.7 vs 124 kg CO 2 -eq. (Liang, et al., 2017) ). On the other hand, 162 another study (McManus, 2012) found that both types had much higher impacts than lead 163 acid, nickel cadmium and sodium sulphur batteries, especially global warming potential and 164 depletion of metals. However, the cumulative energy demand of lithium-ion batteries was 165 relatively low (150 MJ per MJ of battery capacity) compared to nickel cadmium (≈200 166 MJ/MJ) and nickel metal hydride (≈300 MJ/MJ) batteries. 167 168 Most LCA studies of hybrid systems focused on multi-crystalline PV and lead-acid batteries 169 and compared the results to the grid electricity. For example, a study based in Lebanon 170 (Kabakian, et al., 2015) found that such a hybrid system had lower environmental impacts 171 than the electricity from the grid. The authors also reported that the impacts of the battery 172 were negligible compared to those of the PV. For instance, the global warming potential of 173 the hybrid system was 40.2 g of CO 2 -eq./kWh and without the battery, 38.9 g. Similarly, there 174 was a very small difference in the cumulative energy demand with and without the battery 175 (4.41 vs 4.39 MJ/kWh, respectively). Overall, the addition of the battery did not increase the 176 impacts more than 3%. 177 A similar trend was reported by Belmonte et al. (2016) who compared the global warming 178 potential of two hybrid systems installed in Italy, both with multi-crystalline PV but one with 179 lithium-ion battery and another with proton-exchange-membrane fuel cell. The system with 180 the battery had a lower impact than the one with the fuel cell. Like Kabakian et al. (2015) , this 181 study also found that the majority of the impact (80%) from the PV-battery system was 182 caused by solar PV.
LCA of hybrid PV-battery systems
In a study based in the UK, Balcombe et al. (2015) studied the impacts of a microgeneration 184 system combining multi-crystalline solar PV, Stirling engine and lead-acid battery. Most 185 environmental impacts were found to be lower by 35% to 100% than for the equivalent 186 amount of electricity from the grid and heat from a gas boiler. However, the depletion of 187 elements increased by a factor of 42 due to the use of antimony in batteries.
188
Hybrid systems with the lead-acid battery were also considered by Dufo-Lopez et al. (2011) .
189
They compared the impacts of coupling this type of battery with mono-crystalline PV, wind 190 turbine or diesel generator. Based in Spain, the study found that the PV-based system had the 191 lowest impacts (Dufo-López, et al., 2011).
192
As mentioned earlier, no LCA studies of hybrid PV-battery systems were found for Turkey.
193
Therefore, this is the first study for this region. The specific technologies considered are 194 multi-crystalline PV and lithium-ion battery. This type of solar PV was selected as it occupies 195 the majority (70%) of the global market share (Fraunhofer Institute for Solar Energy Systems, 196 2016). A lithium-ion battery was chosen because of its superior technical performance 197 compared to the other types, with higher power and energy densities as well as durability 198 (Rudolf & Papastergiou, 2013) . As discussed above, only one LCA study of such a hybrid 199 system was found in the literature, based in Italy (Belmonte, et al., 2016) ; however, like most 200 other studies of hybrid systems, it only considered global warming potential.
201
This work goes beyond the current state-of-the-art to consider a range of environmental 202 impacts. A further novelty includes estimation of the impacts for a range of different 203 geographical regions in Turkey, covering the full spectrum of solar irradiation across the 204 whole country. Moreover, electricity generation and storage were modelled on an hourly basis 205 taking into account consumer behaviour. The next section provides more details on this, 206 together with the methods, assumptions and data used in the study. 
Methods
209
The study follows the ISO 14040/44 guidelines (ISO, 2006a; ISO, 2006b) for LCA 210 methodology, starting with the goal and scope definition in the next section and followed by 211 inventory data in section 3.2. The CML 2001 (Guinée, et al., 2002) impact assessment method 212 was used and the following impacts were considered: global warming potential (GWP), 213 acidification potential (AP), eutrophication potential (EP), ozone layer depletion potential 214 (OLDP), photochemical oxidant creation potential (POCP), and human toxicity potential 215 (HTP). In addition, the energy payback period was also estimated, as detailed further below.
216
The system was modelled and the impacts calculated using the CCaLC software (CCaLC, 217 2016).
219
Goal and scope definition 220
The goals of the study were as follows: The scope of the study was from cradle to grave (Figure 1) , encompassing extraction and 230 processing of raw materials, the manufacture of the solar PV and the battery, their installation 231 and use and end-of-life waste management. The system consists of 1 kWp solar PV with 1 232 kW inverter and 2.1 kWh lithium-ion battery. The reason for choosing this size of the system 233 is largely the affordability as larger systems would be too expensive for most income groups 234 in Turkey. Furthermore, this capacity of lithium-ion batteries, which have to be imported, is 235 readily available on the international market (Murata, 2018) . The total lifetime of the system 236 was assumed at 25 years, corresponding to the lifespan of the solar PV unit (Kabakian, et al., 237 2015). However, the lifetime of the battery was assumed to be 10 years (Hesse, et al., 2017) , 238 requiring its two replacements over the lifespan of the whole system. It was also assumed that 239 no maintenance of the system was required.
240
For the first two goals of the study, the functional unit was defined as 1 kWh of electricity 241 supplied by the system. For the analysis at the national level (third goal), the functional unit 242 was the total annual energy demand by households in detached houses in Turkey. The reason 243 for choosing detached houses is the larger roof area available for PV panels. Furthermore, 244 such households are in a higher-income group and more likely to be able to afford these 
Inventory data 252
The technical data for the system can be found in Table 1 . Solar PV panels with the installed 253 capacity of 1 kWp occupy an approximate area of 6 m 2 (Üçtuğ & Yükseltan, 2012) . 254 Increasing the system capacity would increase the energy generation but, as mentioned 255 earlier, it would not be technically or economically feasible for many households due to the 256 increased area requirement and higher system costs. there is no production of PV panels in Turkey, only the module assembly. Therefore it was 261 assumed that the panels are manufactured in China and then transported to Turkey for 262 assembly into a PV system. Similarly, there is no production of lithium-ion batteries in 263 Turkey either and it was assumed that they are imported from Germany. The transportation 264 details can be found in Table 3 and Table 4 . Only the transport of the finished products was 265 considered; transport of the raw materials was excluded due to a lack of data. The data on 266 waste management are summarised in Table 5 ; all materials were assumed to be landfilled 267 due to a lack of recycling facilities for these systems in Turkey. Country-specific inventory 268 data were used as much as possible. The data for the PV manufacturing are for the production 269 in China (Fu, et al., 2015) whereas the PV module assembly data were obtained from the representative of the entire region where they are situated.
278
The data for hourly electricity generation by the PV systems in each city were estimated using 279 the NREL tool (pvwatts.nrel.gov, 2017). In cases where no data were available for the 280 selected location, data for the nearest location were used instead. 
Estimation of electricity supply and consumption 282
To carry out the LCA, it was necessary to determine the energy flows into, within and out of 283 the hybrid system, including generation by solar PV, storage and supply by the battery and 284 imports from the grid. As detailed further below, these were estimated at hourly intervals. The 285 main challenge, however, was to determine the hourly consumption patterns based on 286 households' habits and behaviours. As these data are not readily available, they were collected 287 as part of this study, making certain assumptions, as described next. was defined, together with their typical power ratings (see Table 6 ). It was assumed that all the 315 appliances were identical across all the households. However, the use of some of the appliances and 316 the related energy consumption were varied according to the regional climates, as relevant 
342
The values of β n,h were determined based on the type of the appliance and the results of the 343 household survey which indicated when different appliances were used. For example, the TV set or 344 the air conditioning unit had β equal to 1 for the time of day when they were being used and zero at 345 other times. For the appliances that are always on, such as refrigerators, β was always equal to 1.
346
The electricity generated by the solar PV system is only stored in the battery if the generation is 347 greater than the hourly demand. Thus, the energy stored is equal to the difference between the 348 generation and demand: The hourly amounts of electricity generated by the PV were estimated for each of the seven 354 locations using the NREL tool (pvwatts.nrel.gov, 2017), based on the system parameters in Table 1 . 355 The hourly amount of electricity EI h imported from the grid was estimated as: where EI h is a balance between the consumption and generation as given in eqn.
(3). If the estimated 363 ESN h is negative (i.e., the consumption exceeds the generation), it is assigned a value of zero.
364
The net electricity flow ENF h in and out of the battery is defined as follows:
365
(kWh) (6)
366
A positive ENF h value means that electricity is stored in the battery and a negative that it is 367 discharged for use. Therefore, only negative values of ENF h are considered for the estimation of 368 electricity supply ESUP h from the battery:
An example estimate using eqns.
(1)-(7) can be found in Table S1 in the SI. 
386
The OR c values in different regions were varied from 5%-20% as detailed in Table 7 . Given that 387 only detached houses are considered, which provide accommodation for 40% of the population, this 388 is equivalent to the overall uptake of 2%-8% at the national level. Two main factors were assumed 389 to determine the ownership ratio: the latitude and the average income of the region's population.
390
The former is important as it determines the energy output and hence the economic viability of the 391 system. For that reason, the assumptions on the potential ownership are quite conservative as it 392 would not be realistic to expect a higher uptake at least in the near future, particularly as there are no 393 financial incentives for batteries.
394
The DH c values estimated for each city were then summed up to obtain the total number of hybrid 
Estimates of electricity supply and consumption 409
The estimates of monthly electricity consumption by the surveyed household based in Istanbul is 410 shown in Table 8 . These values represent the total hourly estimates for each month, obtained using 411 eqn.
(1). To validate the assumptions and the estimations, they were compared with the actual 412 electricity bills for the previous year. As can be seen in Table 8 , the average monthly error is 8.7% 413 while the error relative to the total yearly consumption is only 2.5%. Hence, the estimates agree well 414 with the actual consumption values. The only anomaly appears to be for the month of August where 415 the estimated consumption is much higher than the actual, with the error of 23.6%. This may be due 416 to the assumption in the estimates that in August, the hottest month in Turkey, air conditioning is 417 used 50% more than the average of the other summer months, which may not have been the case for 418 the particular year when the analysis was carried out. To allow for the spread of behaviours and 419 climates considered in the study, the original assumption on the usage of air conditioning in August 420 was retained.
421
The same approach was then used to estimate electricity consumption by households in the other 422 cities/regions and these results are shown in Table 9 . For brevity, only the total yearly consumption 423 is shown but the values were estimated on an hourly basis for each region, taking into account the 424 respective climates and seasonal requirements. These results are available from the authors on 425 request.
426
The estimated electricity generation and supply by the hybrid system, obtained using eqns.
(2)-(7), 427 are also shown in Table 9 . As can be seen, the system can meet from 12.5% to 18.4% of the 428 household's annual electricity needs. Cities in southern regions, such as Aydin, Mersin and Mardin, 429 have both higher electricity generation (due to more abundant solar radiation) and higher annual 430 consumption (due to more excessive use of air conditioners during summer) than the northern cities.
431
The city where the system supplies the highest amount of electricity is Mardin (southeastern 432 Anatolia) and the lowest is Samsun (Black Sea region) . The reason for this is that they have the 433 highest and lowest solar irradiation, respectively. Figure S1 in the SI.
434
466
The raw materials and manufacturing of the system components are the main contributors to GWP, 467 AP and POCP. The remaining three impacts are mainly caused by the raw materials. The 468 contribution of transport and the use stage is insignificant.
470
The impacts from the raw materials are largely due to the materials used for the PV cell. For GWP, 471 silicon, polyvinyl fluoride film and solar glass account for 45% of the total impact. A similar trend is 472 found for AP. The raw materials account for more than 80% of eutrophication, mainly related to 473 aluminium production and silicon purification processes. The main contributors to ozone layer 474 depletion are wafer production used for solar PV and polytetrafluoroethylene used for the battery.
475
Approximately two-thirds of POCP is caused by the raw materials, related to the electricity 476 consumption for silicon production. The contribution of the raw materials is highest for HTP (95%) 477 and is attributed to the disposal of silicon and wafer waste generated in the manufacturing process. In the manufacturing stage, the major contributors are the production of PV cells (50%) and the 480 production of the lithium-ion battery (35%), followed by the production of the inverter (15%). Based on the values in Table 7 and Table 9 , the annual energy supply by the hybrid systems is 507 estimated at 1.073 TWh. This is equivalent to 0.4% of the annual electricity consumption in Turkey to be the raw materials and the manufacturing of system components, largely related to solar PV, 530 except for human toxicity, which is mainly due to the battery. Among the materials, silicon is the 531 biggest contributor to the impacts, followed by polyvinyl fluoride film and solar glass. In the 532 manufacturing stage, the major contributors are the production of the PV cells, battery and the 533 inverter. The transportation and use stages combined account for less than 10% across the impact 534 categories.
535
In comparison with grid electricity, the PV-battery system has significantly lower impacts (1.6-82.6 536 times). Extrapolating the results to the entire country showed that the annual electricity consumption 537 from the grid can be reduced by 0.4%, saving 558,000 t CO 2 -eq./yr, or 0.12% of the national 538 emissions. While this is not significant and will not help Turkey to meet its COP21 targets, the 539 reduction in the other impacts justifies wider deployment of the hybrid systems, together with the 540 financial and energy security benefits for both the country and the consumer.
541
However, reaching even the conservative uptake levels considered here will be difficult. While the 542 feed-in-tariffs have been effective in stimulating the uptake of solar PV, there are no incentives for 543 consumers to purchase batteries. Perversely, households that have a hybrid system cannot claim the Erzurum (Eastern Anatolia) Global warming potential (g CO 2 eq./kWh) 8.9 7.3 8.4 11.4 6.7 6.4 8.8 Acidification potential (g SO 2 eq./kWh) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 Eutrophication potential (g PO 4 eq./kWh) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 Ozone layer depletion potential (μg R11 eq./kWh) 0.7 0.6 0.7 1.0 0.6 0.6 0.7 Photochemical oxidants creation potential (mg C 2 H 4 eq./kWh) 4.2 3.4 3.9 5.3 3.1 3.0 4.1 Human toxicity potential (g DCB a eq./kWh) 60.7 49.6 57.4 77.9 45.2 43.7 59.9 a DCB: Dichlorobenzene. 
